The interaction between hepatitis C virus (HCV) and cellular immune responses during very early infection is critical for disease outcome. To date, the impact of antigen-specific cellular immune responses on the evolution of the viral population establishing infection and on potential escape has not been studied. Understanding these early host-virus dynamics is important for the development of a preventative vaccine. Three subjects who were followed longitudinally from the detection of viremia preseroconversion until disease outcome were analyzed. The evolution of transmitted/founder (T/F) viruses was undertaken using deep sequencing. CD8
IMPORTANCE
A major limitation in our detailed understanding of the role of immune response in HCV clearance has been the lack of data on very early primary infection when the transmitted viral variants successfully establish the acute infection. This study was made possible through the availability of specimens from a unique cohort of asymptomatic primary infection cases in whom the first available viremic samples were collected approximately 3 weeks postinfection and at regular intervals thereafter. The study included detailed examination of both the evolution of the viral population and the host cellular immune responses against the T/F viruses. The findings here provide the first evidence of host cellular responses targeting T/F variants and imposing a strong selective force toward viral escape. The results of this study provide useful insight on how virus escapes the host response and consequently on future analysis of vaccine-induced immunity.
F
ollowing primary hepatitis C virus (HCV) infection, approximately 75% of individuals fail to clear the virus (1) , resulting in chronic hepatitis, progressive fibrosis, and increased risk of liver failure and hepatocellular carcinoma (2) . Due to the high mutation rate, HCV exists within each infected host as a diverse, rapidly evolving population. However, the majority of new infections are initiated by only a few (1 to 3) unique transmitted/founder (T/F) variants (3, 4) . To date, there has been no study of the selective pressures exerted by adaptive immune responses against HCV T/F viruses. Previous studies have investigated the immune response using reference consensus viral antigens in primary HCV infection and documented both HCV-specific CD4 ϩ and CD8 ϩ responses (5, 6) , but these studies are limited by their focus on late stages of infection (i.e., after seroconversion) (7) (8) (9) (10) . It therefore remains unresolved whether the host T cell response targets viral populations that successfully establish a new infection and provides early selection pressure for viral evolution and immune escape. Understanding these mechanisms is important for the selection of immunogens for T cell-based vaccines that confer protection (3, 8, (10) (11) (12) .
HCV can escape CD8
ϩ T cell responses in several ways. For instance, amino acid mutations within the epitope or its flanking region can abrogate epitope processing and presentation, or continued antigen presentation can impair the antiviral activity of the T cell, resulting in T cell exhaustion (13) . Current estimates suggest that 20 to 32% of the viral mutations observed over time at the consensus level in primary infection are driven by CD8 ϩ T cell responses (5, (14) (15) (16) . In contrast, studies on a small number of chimpanzees have reported that 65% of the early nonsynonymous mutations are located within HLA class I epitopes (17) . Although viral escape from CD8 ϩ T cell responses has been documented in acute HCV infection (6, (18) (19) (20) , the lack of well-characterized longitudinal samples from the very early acute phase of primary HCV infections has prevented investigation of the dynamics of the immune response against the T/F viruses and the varied propensity of T/F viruses to escape.
We have previously identified T/F variants from the very early phase of primary HCV infection employing a mathematical model that describes the exponential growth of a viral population under neutral evolution, and with this we estimated the sequence and viral evolution of T/F viruses (3). Our study revealed that viral diversity initially increased following a strong genetic bottleneck after transmission of only 1 to 3 T/F variants (3, 4) . In addition, after an initial increase in viral diversity, a second genetic bottleneck occurred at approximately 100 days postinfection (p.i.), which was then followed by clearance of the T/F viruses. In the case of the chronic progressors, a new viral population replaced the T/F virus. Based on this knowledge, we hypothesized that immune responses contributed to the selective forces driving a rapid viral evolution during acute HCV infection.
The rate at which immune escape variants arise in acute HCV infection is currently unknown. For human immunodeficiency virus (HIV) infection, studies of the rate of escape from CD8 ϩ T cell responses against T/F viruses clearly show that escape can arise as early as a few weeks postinfection at a rate of 0.1 per day, suggesting that escape variants can rapidly replace T/F virus within a few days (21) . Unlike HIV, HCV can be naturally cleared by the host immune response; hence, it is reasonable to hypothesize that a T/F-specific immune response exists in HCV infection and that this may be reproduced with a T cell-based vaccine with T/Fspecific immunogens. However, understanding the rate of emergence of immune escape variants is key to immunogen selection. A T cell-based preventative vaccine against HCV which included multiple HLA class I-restricted genotype 1 epitopes has been tested in phase I and II studies (22, 23) and induced both CD4 ϩ and CD8 ϩ T cell responses, with some evidence of cross-genotype immunity. However, there are no data on the propensity for the development of escape variants from this vaccine, nor any direct evidence of protection.
This study examined the magnitude and timing of CD8 ϩ T cell responses against HCV T/F viruses in very early HCV infection, along with the kinetics of escape mutations and their temporal association with sustained HCV-specific cellular immune responses.
MATERIALS AND METHODS
Subjects and viral sequences. Incident cases prior to seroconversion were recruited from the Hepatitis C Incidence and Transmission Study in prisons (HITS-p), which is a prospective cohort of high-risk injecting drug users in Australia (24) . Samples from these subjects were previously deep sequenced for analysis of viral evolution (3) . Briefly, following detection of initial viremia, blood samples were collected frequently over a 24-week period until spontaneous clearance or chronic infection was established. HCV antibody (Ab) and HCV RNA testing was performed as described previously (25) . The date of infection for each subject was estimated by subtracting the recognized mean preseroconversion window period of 51 days from the midpoint between the last HCV RNA-positive/HCV Abnegative time point and the first seropositive time point (26) . HLA class I typing was performed as previously described (27) . Next-generation sequencing (NGS) data of the full-length viral population were previously reported and generated with Roche 454 FLX technology at multiple time points for each subject (3) . The previous data were supplemented by an additional NGS data set from a viremic sample in subject Ch_240 at 140 days p.i. covering only the NS3 region from nucleotides (nt) 4742 to 6024 of the consensus reference genome of the T/F virus.
Bioinformatics analyses. An optimized version of the previously published pipeline for 454 FLX data cleaning and alignment was utilized as follows (3): 454 FLX reads were cleaned with an average quality score of 15; read ends carrying low quality scores were trimmed using a sliding window of 8 nucleotides (nt), before alignment using the BurrowsWheeler aligner-maximum entropy method (BWA-MEM) algorithm (28) with default parameters; on a subset of the data sets, the quality of the alignment was also judged based on the occurrence of indels causing frameshifts, which were mostly present in homopolymeric regions; and a visual check was performed on Tablet (29) before specific reads were eliminated. The alignment with BWA was successful for 95% to 99% of the reads. Aligned reads were then passed to Samtools (30) for generation of a BAM file.
To accurately detect single nucleotide polymorphisms (SNPs) from the aligned and cleaned 454 FLX sequences, two different SNP calling algorithms were utilized: a per site quality score-based statistical test, LoFreq (31) , and a Bayesian approach for error correction using the software package ShoRAH (32) . Both algorithms implement a statistical error correction model (ShoRAH via probabilistic clustering and LoFreq via discriminating SNPs individually by inferring an error probability based on the quality score assigned to individual nucleotides) and a strand bias test, where a particular error is more likely to occur in reads traversing the genome in one direction as opposed to the other. LoFreq implements a Fisher exact test of strand bias, while ShoRAH has a beta-binomial model of forward read distribution and more details; comparison between these two algorithms can be found in McElroy et al. (32) . The results from these two analyses were also manually curated to exclude the following SNPs: those that were called within, or adjacent to, homopolymer regions that presented a frameshift (indels); those not detected by both algorithms; and those present only in fewer than three forward reads and three reverse reads. With this approach the lowest frequency of occurrence detected was 0.05%, which is consistent with accurate benchmark tests of these algorithms with control data sets (32) .
Analysis of T/F virus. Analysis of T/F virus from NGS data was performed as previously described (3) . Briefly, haplotypes of 1,500 nt were reconstructed from NGS data across the full genome using the updated software package ShoRAH (32, 33) . Each of these haplotype distributions covering the full genome of HCV was tested with Poisson Fitter (34) for evidence of star-like phylogeny for T/F virus (3). Haplotype sequences from the first viremic time point of the HCV genome of each subject were used for phylogenetic analyses. This analysis was performed with MEGA, version 5 (35) . Phylogenetic trees were constructed using PhyML, performing a maximum-likelihood estimate of phylogenies from nucleotide viral sequences. A generalized time-reversible (GTR) substitution model with a gamma-distributed rate variation among sites was chosen after a model selection test with JModelTEST (36) . CD8 ؉ T cell epitope selection. The set of HLA-restricted peptide epitopes tested in enzyme-linked immunosorbent spot (ELISpot) assays for each subject were determined by selecting a subset of the potential autologous epitopes for each infection. For each subject, this subset was selected from three major pools of potential epitopes, defined as follows.
(i) Pool 1 consisted of the set of autologous T/F virus HLA class I-restricted epitopes (9 to 11 amino acids) that are at least 90% homologous to previous experimentally confirmed epitopes from the Immune Epitope Data Base (IEDB [www.iedb.org]). The IEDB database of HLA class I-restricted epitopes consisted of 2,965 epitopes, of which 1,098 were reported with positive T cell assay results.
(ii) Pool 2 consisted of the set of epitopes identified by IEDB epitope prediction tools (using the IEDB-recommended procedure for 9 to 11 amino acids) from the T/F autologous sequence with a high predicted binding score (defined as a half-maximal inhibitory concentration [IC 50 ] of Ͻ500 nmol). This set consisted of approximately 500 to 1,000 epitopes per subject. Approximately 30 to 50% of these epitopes were at least 90% homologous to the experimentally confirmed epitopes available in the IEDB database.
(iii) Pool 3 consisted of the set of epitopes from the longitudinal set of autologous T/F sequences associated with a nonsynonymous substitution that subsequently reached fixation over the observed course of the infection and with an increased IC 50 of Ͼ250 nmol (suggesting an immune escape variant).
A maximum of 95 epitopes were selected for each subject to account for the total peripheral blood mononuclear cells (PBMC) available for each time point in the ELISpot matrix testing approach (see below). In particular, 40 epitopes were selected from pool 1, 40 were selected from pool 2, and the remaining 15 were from the potential escape variants (pool 3). Higher preference was given to the following categories: (i) predicted epitopes (pool 2) that were restricted against two or more HLA class I alleles present in the subject and (ii) the set of epitopes overlapping pools 1 and 2, as experimentally confirmed epitopes represented in the autologous virus. A post hoc decision process was also undertaken in cases where the maximum number of planned epitopes could not be tested due to limitations in the availability of PBMC following the thawing of frozen cells. In these cases, a subset of epitopes from the selected 95 was chosen by random sampling across the three pools (see above), prioritizing epitopes in preference categories i and ii.
Autologous CD8 ؉ T cell ELISpot assay. Synthesized peptides (Mimotopes, Australia) were utilized in autologous CD8
ϩ T cell ELISpot assays in pools of Յ5 peptides per well in a matrix format using the robotic Biomek FX system (Beckman Coulter, USA) as previously described (37) . Peptides were pooled such that any two wells shared only one peptide, and each peptide was tested in at least two separate wells. The protocol was adjusted to optimize the detection of HCV-specific T-cell responses as follows: PBMC were added to a 96-well ELISpot plate (MAIPS; Millipore, USA) precoated with gamma interferon (IFN-␥) (Mabtech, Sweden) at a concentration of 150,000 cells per well and incubated overnight with peptides (final concentration of 10 g/ml). Plates were read and analyzed using an AID plate reader (Autoimmun Diagnostika GmbH, Germany). A peptide/well was considered positive if any corresponding peptide elicited an IFN-␥ response at a magnitude of 20 spot-forming units (SFU)/million cells and a negative-control count of zero. To confirm a response to a particular peptide, the single peptide was tested in a confirmatory IFN-␥ ELISpot assay, using one peptide per well at a concentration of 200,000 cells per well. At least one well per study subject was allocated as a positive control (anti-CD3 antibody; Mabtech, Sweden), and three wells were used as negative controls. The background was defined as the mean plus three times the standard deviation of the number of spots counted in the three negative-control wells.
For subject Cl_360, 93 peptides were tested per time point, while for subjects Ch_23 and Ch_240 the number of epitopes tested varied at each time point due to heterogeneous recovery of the cells after thawing. This number ranged from 3 to 95 (the median number of peptides tested was 45 and 11 for subjects Ch_23 and Ch_240, respectively). All subjects had at least one sample tested with Ͼ70 epitopes.
Estimation of the rate of CD8 ؉ T cell escape. The kinetics of CD8 ϩ T cell escape was estimated with a simple population dynamics model as previously reported in HIV infection (38) . The changes in the frequency of the escape mutant in the population were fitted by the following model:
, where f(t) is the frequency of the escape variant in the population, k is the rate of escape, and it is assumed that the escape variant is present at time (t) zero at the frequency f 0 . The escape variant was defined as any genomic variant carrying the mutation that consequently becomes fixed in the population. Therefore, the frequency of the escape variant at each time point was the sum of the frequencies of each epitope carrying the escape mutation of interest, regardless of the other amino acid positions. For epitopes where there was no evidence of the escape variant, the zero value was replaced with 1/(n ϩ 1), where n is the coverage of the deep-sequencing data. This model was used to estimate the rate of escape only in those cases with experimental evidence (ELISpot data generated in this study) of CD8 ϩ T cell-driven immune escape. Estimates were performed in R using the nonlinear least-squares method for nonlinear models (nls) (39) .
Test for selection pressure from CD8 ؉ T cell responses. Normalized Shannon entropy (S) scores across the HCV genome for each time point were calculated as a measure of overall viral diversity. S scores were then obtained for epitope regions, defined as the sum of genomic regions corresponding to HLA class I epitopes predicted with IEDB tools (see above), and the nonepitope region was defined as the remaining complementary part of the genome. This analysis excluded the time point at 140 days p.i. for subject Ch_240 as only a limited region of the genome was sequenced.
In order to test the hypothesis that CD8 ϩ T cell responses drive viral evolution, three statistical methods were utilized, as previously described (21) . These analyses were based on viral sequences obtained via haplotype reconstruction using ShoRAH (see above) covering the surrounding genomic region (approximately 800 nucleotides) of the epitopes experimentally confirmed in this study. The first two methods were based on phylogenetic analyses that are implemented in the web-based package DataMonkey (www.datamonkey.org). The first method, the fixed-effect likelihood model (FEL), analyzed the ratio of nonsynonymous to synonymous evolutionary changes (dN/dS) at each codon position (a dN/dS of Ͼ1 is evidence of positive/diversifying selection), while the second method used a mixed-effects model of evolution (MEME) which is capable of identifying instances of both episodic and pervasive positive selection at the level of an individual site. For both of these methods, a phylogenetic tree constructed with PhyML was utilized along with the sequence files. A model test was performed on codon substitution models, implemented in DataMonkey (CodonTest) (40) . Finally, the third method, enriched clustering statistics (ECS), is a clustering-based approach already utilized in HIV studies (21) . This method statistically addresses the probability that clusters of mutations occur in a sequence region in excess of what would be expected with a random neutral model of selection. The false-discovery rate (FDR; denoted as q) was computed to correct for multiple testing (41) 
RESULTS

Evolution of T/F virus and viral populations during acute infection.
Three subjects with primary HCV infection followed from preseroconversion until infection outcome were analyzed ( Table  1 ). The first available viremic sample ranged from 4 to 50 days p.i. One subject naturally cleared the infection (Cl_360), and two developed chronic infection (chronic progressors; Ch_240 and Ch_23) (Fig. 1) . NGS data were available from 13 viremic time points from these subjects to study in-depth HCV RNA populations (see Table S1 in the supplemental material). The NGS data set had a median coverage of 3,814 reads per base (maximum coverage, 17,228 reads per base). An average of 187 single nucle-otide polymorphisms (SNPs) per time point (n ϭ 13) were detected, with a median frequency within the viral population of 3% (5 to 95 percentile range, 0.05% to 52%). Of these SNPs, an average of 106 (62%) were found at a frequency of Ͼ1% per time point (3) . The sequence of the T/F virus was estimated from the distribution of variants at the earliest time point (HCV RNA positive and HCV Ab negative) using a mathematical model previously applied in both HIV and HCV which utilizes exponential viral growth and the distribution of viral variants to test the hypothesis that the observed population is consistent with a neutral evolution of the viral population (3).
In order to characterize the selective pressures that potentially contributed to the rapid emergence of new variants replacing the T/F virus, both algorithm-predicted and experimentally verified CD8 ϩ T cell epitopes were identified (see Materials and Methods for details). Mutations within these epitopes were also assessed for reversion events, namely mutations towards common circulating variants that are assumed to be a fitter HCV strain (Table 2) .
A total of 27 high-frequency nonsynonymous nucleotide mutations (defined as mutations from the T/F that emerged at frequencies greater than 75% of the viral population) arose during primary infection, some of which reached fixation in the viral population as early as 66 days p.i. (Table 2 ). Of the 27 high-frequency mutations, 7 (26%) were associated with experimentally confirmed CD8 ϩ T cell responses, suggestive of escape. Only three of these fixations were reversions toward the worldwide consensus (Table 2) . CD8 ؉ T cell responses against T/F virus. HLA class I-restricted epitopes were predicted from the sequences of T/F viruses, as well as from mutated variants dominating the infection at later time points. For each subject, autologous peptides were synthesized including both T/F and escape variants and further tested in IFN-␥ ELISpot assays (see Materials and Methods for more details). Positive responses were identified for all three subjects ( Table 3 ). The first detectable HCV-specific CD8 ϩ T cell response was between 30 to 44 days p.i., after which all three subjects displayed a progressive increase in the breadth and magnitude of the responses. The increased breadth and magnitude of HCV-specific CD8 ϩ T cell responses coincided with a decline in viral load (Fig. 2) .
In Cl_360, three responses were identified against the T/F, all in NS3 (Table 3) . In Ch_240, two responses were identified against two epitopes of the NS3 region, and in Ch_23 six responses were found in E2, NS2, NS4B, NS5A, and NS5B. In subject Cl_360, the earliest response was identified preseroconversion at 44 days p.i.
( 1442 ATDALMTGF 1450 which is a known HLA-A1-restricted immunodominant epitope but is also predicted as an HLA-A*68:02-restricted epitope) and remained high after viral clearance. The other two CD8 ϩ T cell responses appeared at 97 days p.i. and were also sustained well after viral clearance (Fig. 2) . The three epitopes targeted did not present amino acid mutations at frequencies of Ͼ0.1%. In both chronic progressors the earliest responses were similarly identified prior to seroconversion ( 1602 RAQAPPP SW 1610 in Ch_240 and 2838 WLGNIIMFA 2846 in Ch_23), with the peak of the response corresponding with the elimination of the T/F viruses. Recrudescent viremia and emergence of new viral variants coincided with a decline and temporary loss of detectable HCV-specific CD8 ϩ T cell responses (Fig. 2) . In both subjects, a rise in response magnitude after 300 days p.i. was observed for some of the epitopes. In subject Ch_23, this response coincided with a second infection with a GT3a virus detected at 635 days p.i. In subject Ch_240 this coincided with a rise in viremia without detection of a new infection but with the emergence of 19 highfrequency (Ͼ75% of the population) nonsynonymous substitutions between 220 and 538 days p.i. (Table 2) .
Immune escape dynamics. Longitudinal analysis of the 11 ELISpot-confirmed CD8 ϩ T cell responses against T/F variants revealed that in six of the epitopes nonsynonymous mutations emerged at frequencies above 1% (see Fig. S1 in the supplemental material). Four of these epitopes were previously reported as being targeted by CD8 ϩ T cell responses (Table 3) . Four epitopes (two in Ch_23 and two in Ch_240) contained nonsynonymous substitutions that became fixed in the viral population, suggestive of CD8 ϩ T cell-driven immune escape ( Table 2) . Three of these mutant epitopes were also synthesized and assayed for CD8 ϩ T cell recognition via ELISpot assay. In subject Ch_23, both escape mutants, HLA-B57-restricted 852 RAEA(Q/H)LHAW 860 and 2629 (K/N)SKRTPMGF 2637 , reached fixation at 197 days p.i. and 135 days p.i., respectively. Interestingly, the variant 2629 NSKRTPM GF 2637 was associated with a low-frequency positive response prior to fixation, i.e., at 60 and 74 days p.i. (Fig. 3) , while the variant 852 RAEAHLHAW 860 was negative. A complex pattern of escape with substantial toggling before fixation was also observed in both epitopes.
In subject Ch_240 the HLA-A02-restricted epitope 1633 RLGP VQNEV 1641 mutated at the C-terminal position V1641I (toward the predominant residue in global genotype 3a sequences). The escape variant also elicited a moderate response at 310 days p.i. (53 SFU/10 6 ) (Fig. 4) although this response was not tested at previous time points due to lack of samples. The HLA-B57-restricted NS3 epitope, 1602 RAQAPPPSW 1610 , underwent significant evolution at residue 1606, before the 1606L mutation reached fixation at 140 days p.i. (Fig. 4) . Due to limited availability of PBMC, this escape variant was not tested via ELISpot assay.
In three of the four epitopes with evidence of immune escape, the fixation events were mutations away from the consensus, and these mutations did not revert back to the T/F variant at a later time point. These data again suggest evidence of CD8 ϩ T celldriven immune pressure exerted on the T/F viruses ( Table 2) .
Rate of CD8 ؉ T cell escape. Mathematical modeling was employed to estimate the rate of immune escape in epitopes undergoing fixation events. (SE, 0.016; P value, 0.008) and 0.026 day Ϫ1 (SE, 0.0005; P value, 0.000015), with a half-life of 95 and 370 days, respectively (Fig. 5) .
ELISpot responses measured within 101 days p.i. were in- cluded to test the hypothesis that the magnitude of CD8 ϩ T cell responses was associated with the likelihood of immune escape. The ELISpot responses against each T/F epitope that underwent immune escape were compared with the responses against each T/F epitope that did not escape within the time period of 101 days p.i. There were significantly higher immune responses in epitopes that developed escape variants during the early phase of infection (P Ͻ 0.05) (Fig. 6) . The ELISpot responses against epitopes that did not undergo immune escape did not differ when analyzed by disease outcome (P Ͼ 0.05).
Statistical validation of presence of immune pressure on experimentally validated CD8
؉ T cell responses. To statistically validate the contribution of CD8 ϩ T cell selection pressure on the evolution of T/F viruses, viral diversity was calculated within predicted major histocompatibility complex (MHC) class I epitopes. Normalized Shannon entropy (S) scores per genomic region across the HCV genome for each time point were calculated as a measure of overall viral diversity. Interestingly, epitope regions tended to have greater diversity than nonepitope regions from very early in infection although this increase was not statistically significant (Fig. 7) . ϩ T cell responses. In the two chronic progressors (Ch_23 and Ch_240), recrudescent viremia coincided with a decline and temporary loss of detectable HCV-specific CD8 ϩ T cell responses around 100 to 150 days p.i. In a subject that cleared infection (Cl_360), the T/F-specific CD8 ϩ T cell responses remained stable after viral clearance.
To validate the apparent immune pressure exerted by experimentally confirmed CD8 ϩ T cell responses on viral evolution, evolutionary models and clustering analyses were utilized. There was evidence of selective pressure by CD8 ϩ T cell responses provided first by a significant accumulation of SNPs in the targeted epitopes (P value of Ͻ0.05, q value of Ͻ0.2, using enriched clustering statistics [ECS]) (see Table S2 in the supplemental material). There was a positive correlation between the presence of diversifying selection within the epitope codons and the maximum value of the CD8 ϩ T cell response during the first 100 days p.i. (P ϭ 0.0004). There was also evidence of negative selection in codons in the flanking regions of two epitopes in subject Ch_240 and one epitope in subject Ch_23. Finally, for the subject who cleared the infection, as expected, there was no evidence of significant selective forces.
DISCUSSION
This study includes several novel observations that inform our understanding of the very early cellular immune responses against HCV T/F variants. First, we have shown that the rapid extinction of T/F viruses is strongly associated with the rapid onset of T/Fspecific CD8 ϩ T cell responses. Second, there was a significant association between the magnitude of CD8 ϩ T cell responses and the likelihood of immune escape, suggesting a significant role of cellular immunity in driving T/F evolution. Third, in chronic infections T/F CD8 ϩ T cell responses declined over the course of the infection. These results, along with evidence that there are very ϩ T cell immune pressure (38) .
FIG 6 Magnitude of CD8
ϩ T cell response associated with escape. The CD8 ϩ T cell responses measured via ELISpot assay for each T/F epitope during the first 101 days p.i. was compared between epitopes that underwent escape (n ϭ 2 in Ch_23 and n ϭ 2 in Ch_240, for a total of 8 immune responses) and those that did not (n ϭ 9). The conserved epitopes were also further divided based on disease outcome. The epitopes that elicited greater IFN-␥ ELISpot responses were more likely to have escape variants emerge (P ϭ 0.03). Statistical comparisons are Mann-Whitney tests. Scatter plots represent means Ϯ 1 standard deviation.
FIG 7
Mean Shannon entropy (SE) per site in epitope regions (E) and nonepitope regions (NE) calculated over time for the three subjects. Following a decline in the Shannon entropy per site within the first 100 days p.i. for all three subjects, the diversity index increased in the chronic phase of the infection. The mean Shannon entropy per site was generally higher within the epitope regions.
few T/F variants which represent a genetic bottleneck at transmission (3, 4) , suggest that a potential route for design of T cell-based immunogens is to target T/F epitopes. However, this selection needs to be guided by a thorough investigation of the propensity of certain T/F epitopes to escape cellular responses.
The high-resolution analysis of viral diversity enabled by the deep-sequencing approach undertaken here suggests that CD8 ϩ T cell responses play a role in driving extinction of the T/F viruses and that multiple novel variants evolved early in the infection from T/F viruses. However, the majority of these novel variants were eliminated within 100 days p.i., and only a few successfully initiated the later phase leading to chronic infection. It is evident that CD8 ϩ T cell responses actively contribute to this selection process; whether this is the only force significantly contributing to the elimination of the T/F population remains to be resolved.
This study strongly supports the hypothesis that T/F-specific CD8 ϩ T cell responses drive evolution of escape variants in HCV infections. The rise in viral load after the genetic bottleneck at 100 days p.i. was coincident with the occurrence of dominant immune escape variants and a decline in the magnitude of T/F-specific responses. The results are consistent with the theory of vertical immunodominance proposed for HIV, whereby the probability of CD8 ϩ T cell escape is proportional to the magnitude of the individual epitope-specific response relative to the total response within each subject at a given time point (42, 43) . In support of this model of disease evolution is the fact that the decline in viral diversity observed within CD8 ϩ T cell T/F epitopes was coincident with the first detectable CD8 ϩ T cell responses, suggesting that CD8 ϩ T cell responses were exerting purifying selection at identifiable epitopes.
T/F viruses rapidly escaped from CD8 ϩ T cell responses at a rate of 0.02 to 0.1 day Ϫ1 , suggesting that the presence of a CD8 ϩ T cell response allows up to 10% of the viral population to escape each day. These remarkable viral dynamics are consistent with the range of escape found in HIV (42) although the estimated mean rate of escape in HIV is higher (0.24 day Ϫ1 ) (44) . In contrast to data in HIV, rapid escape was observed here even at sites known to be associated with severe fitness costs. The highest rate of escape was in the well-described immunodominant HLA-B57 epitope, 2629 KSKKTPMGF 2637 (45) , where the K2629N mutation has been shown in vitro to result in reduced replicative capacity (45) . Although this mutation is known to cooccur with a Q2626K/R mutation, which restores replication to nearly wild-type levels, there was no evidence of compensatory mutations at residue 2626 or with any other linked mutations in NS5B in our analysis. Identification of such epitopes with rapid escape potential is important as they are likely to make poor vaccine candidates.
The limitations of this study include the limited sample availability during the first 4 weeks postinfection, which are needed to definitively validate that the very few variants observed in our earliest samples were indeed the T/F variants. In this regard it should be noted that in HIV these mathematically identified T/F viruses have been validated with experimental models of simian immunodeficiency virus (SIV) and with sexual transmission data (46) . Although unlikely, it is theoretically possible that early selective pressure (innate responses or loss of reproductive fitness due to mutation events) may give rise to early fixation events with no survivors from an early lineage; hence, the detection of T/F virus may be inaccurate. In addition, it should be noted that the estimates of the rate of escape are based on infrequent sampling of viral populations around the second genetic bottleneck event (approximately 100 days p.i.) as low viral loads prevented amplification of the full HCV genome. The study is also limited by the lack of additional early PBMC samples, which precluded exhaustive testing of all potential epitopes for each subject as well as the experimental validation of the newly identified HLA class I epitopes that have not been previously reported.
That CD8 ϩ T cell responses against conserved epitopes decline rapidly throughout infection indicates that escape is unlikely to be the only mechanism resulting in persistent viremia. CD8 ϩ T cell exhaustion has been well documented in the chronic phase of HCV infection, with immune escape and exhaustion estimated to contribute equally to viral persistence (47) . However, it remains unknown whether CD8 ϩ T cell exhaustion occurs in early HCV infection and has a causative role in progression to chronic infection.
This study provides clear evidence for immune selection pressures as a driver for viral evolution and escape in the early phase of primary HCV infection. The findings raise significant concerns for HCV vaccine development, given that the general dogma has been to select epitopes which induce strong immune responses for inclusion in a prophylactic HCV vaccine and to prioritize those in which escape is associated with a significant fitness cost. In relation to the immunopathogenesis of primary HCV infection, the findings indicate that it is possible to mount a CD8 ϩ T cell response against T/F viruses, but the strength of early responses against a poorly diversified viral population may exert strong selective pressure and lead to rapid immune escape. Further studies are needed to resolve the T/F epitopes targeted by immune responses and the propensity of T/F viruses to escape.
